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Abstract
A stable isotope study was carried out using precipitation, spring water, groundwater well
sample, and a seawater sample during the wet season in the Sulphur Springs watershed in
Tampa, Florida. Studies that track long term isotopic variation over wet seasons are limited in
the region. To fill this knowledge gap, this study aims to quantify the contributions of
precipitation and diffuse sources to discharge in Sulphur Springs. A three-component mixing
model was applied using δ18O and δ2H values to determine different source water contributions
to spring water discharge. The three-component mixing model calculations suggest spring water
consists mainly of diffuse water sources, up to 76.98%. The spring water contains significant
proportion of saltwater with the proportion of 21.6% while precipitation contributes 16.4% of the
spring discharge for the whole study period. For this short four-month, which may not reflect the
entire year’s physical situation, the mixing model results show that recharge input from a
precipitation does not contribute significantly to the karstic spring discharge. The study’s results
show that with the use of δ18O and δ2H, insights can be provided into the various short-term
contributions of the various water sources to a karstic spring located in an urban area using δ18O
and δ2H.

v

Chapter 1: Introduction
Karst terrain comprises approximately 10-20% of ice-free land surface and supports
~25% of the global population with potable water needs (Ford and Williams, 2007). Karst terrain
is typically comprised of carbonate minerals (calcite and dolomite) and over time, develops via
various chemical and mechanical erosive processes distinctive features such as sinkholes,
springs, caves, and sinking streams as well as complex flow patterns within karst aquifers. Water
that is chemically undersaturated with respect to calcite dissolves carbonate rocks as it percolates
downwards. Though dissolution predominantly develops karst landforms, precipitation of
minerals and rocks in caves and springs also plays a role in the karst process (Upchurch et al.,
2019).
Karst aquifers can be divided into two zones; the vadose (unsaturated) zone and the
phreatic (saturated) zone (Ford and Williams, 2007). The vadose (unsaturated) zone which is
above the water table comprises of the soil, epikarst, and transmission zone. The pores in vadose
zone contain mostly air. The epikarst zone is the upper dissolution zone of carbonate rocks, has
high secondary porosity and permeability as the chemical dissolution of carbonate rocks is high
due to it being an open system – replenishment of CO2 from the air (Ford and Williams, 2007).
The vertical permeability diminishes with depth as the system becomes closed - CO2 decreases
and the solution approaches equilibrium. Water infiltrates from the epikarst to the phreatic
(saturated) zone through the transmission zone. The phreatic zone is located below the water
table and the pores are filled with water in the phreatic zone (Williams, 2008).
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Vacher and Mylroie (2002) subdivided karst into two main types with respect to the
limestone diagenesis - eogenetic and telogenetic karst. Eogenetic karst is characteristic of young
carbonate rocks that have high primary porosity due to their lack of exposure to diagenetic
processes (Upchurch et al., 2019). In contrast, telogenetic karst is representative of mature
carbonate rocks that have undergone burial thereby greatly reducing porosity.
Eogenetic and telogenetic karst aquifers differ in matrix permeability. Eogenetic karst aquifers
have higher matrix permeability than its telogenetic counterpart. Florea and Vacher (2006) found
that matrix permeability was lower for older carbonates which are most likely to have undergone
burial. The matrix permeability of the Eocene limestone in Florida is 10-13.0 m2 while it is 10-17.7
m2 for the Mississippian limestone in Kentucky (Florea and Vacher, 2006).
Florida includes relatively geologically young carbonate rocks, such as Ocala and
Suwannee Limestone, and it is one of the largest eogenetic karts areas in the world (Upchurch et
al., 2019). In Florida, karst develops in carbonate rocks as well as in shell beds and carbonaterich sediments. Most of the carbonate rocks and sediments have undergone more than one cycle
of karstification due to sea level changes from Pliocene to late Pleistocene. The fact that Florida
contains numerous sinkholes, springs, and productive aquifers is because of the eogenetic karst.
The Floridan Aquifer System and the Biscayne Aquifer are the karstic aquifers that are among
the most productive aquifers in the world in terms of water supply due to their high
permeabilities (Upchurch et al., 2019).
Springs are one of the main karstic features developed in Florida. Florida has more
springs than anywhere else in the U.S., with more than 700 springs, and 33 of them being first
magnitude springs (Upchurch et al., 2019). The average discharge is more than 2.8 m3/s in first
magnitude springs, and the discharge starts at 0.28 m3/s in second magnitude springs (Meinzer,
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1927). Groundwater within the Floridan Aquifer System emerges as springs where
discontinuities exist in the confining beds. Recharge to the aquifer occurs through intergranular
porosity, fractures, sinkholes, and karst windows (Garman, 2010; Upchurch et al., 2019). Most
springs in Florida discharge from extensive phreatic conduit systems (Gulley et al., 2009). Direct
recharge through sinkholes or swallets and storage and long-term discharge from the matrix
affect most of Florida’s cave systems and related springs (Florea and Vacher, 2007; Upchurch et
al., 2019).
Water isotopes (δ18O and δ2H) are frequently used in karst hydrological studies because
they are conservative tracers that are not impacted by water-rock interactions at low
temperatures. A conservative tracer is chemically non-reactive with the geologic medium and it
is not subject to chemical and biological degradation (Becker and Coplen, 2001). As oxygen and
hydrogen isotopes are part of the water molecules and are not chemically reactive, they are
considered as ideal tracers. In karst systems, water isotopes have been used to identify
groundwater residence times (Katz et al., 2007; Hu et al., 2015), mixing of surface and
groundwaters (Katz et al.,1997; Qin et al. 2017; Ahmed et al., 2020), and the magnitude of
recharge for karst aquifer storage (Maloszewski et al., 2002; Perrin et al., 2003).
Distinct stable isotope signatures of large reservoirs (e.g., the ocean, meteoric waters) can
trace the origin of fluids, and contaminants. The combined use of oxygen and hydrogen isotopic
data allows for the assessment of groundwater sources and flow paths (Sharp, 2017).
Groundwater is most often a mixture of chemically different water sources. Distinct isotopic
compositions of these different sources have been used in mixing studies in karstic systems to
determine the origins of the waters. Meteorological processes, such as evaporation and
condensation also affect stable isotope compositions of water. The average isotopic composition
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of the relatively recent precipitation in the local recharge areas is represented in the isotopic
compositions of groundwaters (Sharp, 2017). Thus, variations in the isotope compositions
provide valuable information for identifying the origin of groundwater and quantifying the
relative contributions of different sources.
Because precipitation is chemically corrosive to karst bedrock and therefore imperative
in the development of aquifers. Understanding the contributions of precipitation inputs to karst
systems is important for studying karst evolution and identifying surface inputs that could
contain contaminants (Katz et al., 2009). Using variations of δ18O and δ2H values have been
utilized to understand source contributions including the contribution of precipitation to the
spring water from the previous period (winter or summer period) (Aquilina et al., 2005) and the
precipitation season that contributes most to the spring recharge (Ingraham et al., 1991). Wang et
al. (2020) investigated the isotopic characteristics of rain and two karstic spring waters and a
stream. The mean proportions of old water of the springs were found to be 89.5% and 93.4%
during the wet season and during several periods of heavy precipitation, the contribution of new
water could range from 54.8% to 83.3% for the springs. Brkić et al. (2018) evaluated the
variations of δ18O and δ2H values of two karst springs in Croatia for several years. They
concluded that the precipitation in January 2013 accounted for the low δ18O values of the Rječina
spring water in April 2013; however, the precipitation did not impact the δ 18O values of the Zvir
spring water values six months later. Bicalho et al. (2019) investigated Lez karst system in
France using stable water isotopes and chemical tracers for two years. They determined that the
springs of the system (Lez, Lirou, Restinclières, and Fleurettes) illustrate similar isotopic
signatures indicating the same recharge origin but the Lirou spring discharge rapidly responds to
freshly infiltrated water compared to the other springs.
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Water isotopes have also been used to investigate the mixing ratios of surface and
groundwater and the ratios of precedent water in karst terrains (Lee and Krothe, 2001). In karst
systems that sustain surface waters, interactions between surface and groundwater can be
substantial (Martin and Dean, 2001; Crandall et al., 1999; Gulley et al. 2009). Wang et al. (2020)
established a two-component mass balance equation to determine the proportion of precedent
and event waters. The hydrograph separation showed that spring discharge during events was
controlled by older water. During the wet season, the mean proportion of old water (precedent
water) was 93.4% in the spring, showing more seasonality. Aquilina et al. (2005) found that
epikarst water plays a role in storm runoff in karst aquifers. They utilized isotopic and chemical
compositions of rainwater to determine the precedent water contribution from epikarst to karstic
springs. Berglund et al. (2018) established a two-component mixing model using stable isotope
values of two adjacent karst springs to determine the isotopic storm responses of the springs.
Both spring waters demonstrated similar isotopic composition under baseflow conditions
because the springs are close to each other and recharge from the same storm. However, their
isotopic compositions were different due to how storm intensity affected the recharge to the
springs. Their distinct recharge mechanisms also caused variations in the isotopic signatures
because one of the springs is recharged through a well-developed conduit system whereas the
other exhibits diffuse recharge. Dewalle et al. (1988) identified the soil water contribution to
storm runoff using a three-component mixing model. Lee and Krothe (2001) used stable isotopes
of oxygen, hydrogen, and carbon as tracers to establish a four-component mixing model in
Orangeville Rise, Indiana. The mixing ratio of each component (rain, soil, epikarst, and phreatic
water) revealed the significance of epikarst water in the karstic flow systems.
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This work aims to understand how precipitation and diffuse waters contribute to the
discharge of Sulphur Springs, a heavily managed and anthropogenically altered karst spring in the
middle of Tampa, Florida. We use δ18O and δ2H values of precipitation and diffuse groundwater
sources as tracers to investigate changing composition of spring recharge during the wet season.
Mass-balance calculations were established using the isotopic values of water samples to
distinguish the contribution of precipitation, diffuse groundwater, and saltwater to the spring
discharge. The study using the stable isotopes of water will contribute to the understanding of the
hydrology of a second magnitude spring in the urban area that is Tampa. Understanding the
significance of precipitation and subsurface contributions to Sulphur Springs is important for better
management of this karstic spring, both for municipal purposes and for ecosystem conservation.
The hypothesis of this study that subsurface groundwater contributions will be greater
than precipitation inputs to Sulphur Springs during the rainy season.
The hypothesis is based on the small groundwater recharge area and the size of the
Sulphur Springs cave system which indicate that precipitation will likely have limited impact on
overall spring discharge as the volume of precipitation intersecting with the conduit during a
precipitation event is smaller than the volume of the water stored in the aquifer.
To test this hypothesis the following objectives must be completed:
1) determine the differences in the isotopic signatures of precipitation and spring waters
due to the temperature and amount effect,
2) examine whether stable isotopic analysis can determine the contribution of
precipitation using a three-component mixing model, and
3) provide insight into the aquifer characteristics of the Sulphur Springs watershed.
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The objectives are achieved by collecting weekly water samples from precipitation,
groundwater well, and Sulphur Springs discharge and analyze water samples to identify their
isotopic signatures. A three-component mixing model was implemented to quantify how much
each component contributes to Sulphur Springs discharge during the rainy season.
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Chapter 2: Literature Review
2.1 Isotopes of Water
Hydrogen and oxygen have stable radioactive isotopes, however radioactive isotopes are
rarely used in hydrological tracer studies. 1H, 2H (Deuterium), and 3H, named Tritium, are the
isotopes of hydrogen. Tritium is a radioactive isotope with a half-life of 12.23 years. 1H is the
most abundant hydrogen isotope. Its mass abundance in the hydrosphere is 99.985%, whereas the
mean abundance of 2H is about 0.015%. The most abundant oxygen isotope in the hydrosphere is
16O

(99.762%). 17O and 18O are the stable isotopes of oxygen with mean mass abundances of

0.0379% and 0.200%, respectively. 18O and 2H are widely used in isotope hydrology. Nine
isotopic water molecules (isotopologues) can be given based on the five stable isotopes of
hydrogen and oxygen. The masses and the natural abundances of these isotopologues are shown
in Table 1 (Gat, 2010).
Table 1. Isotopic water species and their relative abundance* (Gat, 2010).
Mass

Molecule
1

Relative Abundance

H216O

0.99731

H2H16O

3.146 x 10-4

1

H217O

3.789 x 10-4

H2H17O

1.122 x 10-7

20

2

2.245 x 10-8

20

1

2.000 x 10-3

21

2

-negligible

18
19

1

19
20

1

H216O
H218O
H217O

8

Table 1. (Continued)
21
22

1

H2H18O
2

H218O

6.116 x 10-7
-negligible

* Assuming equilibration during disproportionation reactions

2.1.1

Measuring relative abundances of isotopes of water
Stable isotope abundances are measured through mass spectrometry and calculated in

ratios (R). The isotopic abundances are reported as δ (‰ or per mil) values that are the relative
deviations from the standard value.
δR(‰) = (Rsample/Rstandard -1) *1000

(1)

Where Rsample and Rstandard are the ratios of the heavy (rare) to light (abundant) isotope of
the sample and the standard, respectively (18O/16O and 2H/1H). Rstandard is the isotopic ratio of a
known reference, Vienna Standard Mean Ocean Water (VSMOW) for water samples. The
equation for 18O would be as follows:
δ18O(‰) = ((18O/16O)sample /(18O/16O)standard -1) * 1000

(2)

A negative (positive) δ value indicates that the sample is depleted (enriched) in the
heavier isotope than the standard.
2.2 Isotope Fractionation
Isotope fractionation describes any condition that causes changes in isotopic abundances
(Gat, 2010). Due to differences in reaction rates for different molecular species, isotope
fractionation takes place in thermodynamic reactions (Clark and Fritz, 1997). Reaction rates of
chemical reactions and phase changes depend on the mass and cause isotopic fractionation,
which leads to differentiation in isotopic composition in the products with regards to the
reactants (Clark and Fritz, 1997; Rau, 2016). Evaporation, condensation, and mixing are several
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processes that induce some degree of isotope fractionation (Stewart and Taylor, 1981). Due to
fractionation processes, different ratios of isotopes occur. Isotope fractionation is represented by
the fractionation factor (α) which is the ratio of isotope concentrations in two interacting phases
(e.g., liquid/vapor phases).

𝛼 =

𝑅𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡
𝑅𝑝𝑟𝑜𝑑𝑢𝑐𝑡

(2)

Where R is the isotope ratios for the reactant and product. For instance, the ratio of 18O
and 16O in water between liquid and vapor is:
18

𝛼 =

(16𝑂 )

𝑂 𝑙𝑖𝑞𝑢𝑖𝑑
18𝑂
(16 )
𝑂 𝑣𝑎𝑝𝑜𝑟

(3)

Physicochemical reactions under equilibrium conditions or nonequilibrium (kinetic)
conditions and molecular diffusion fractionate isotopes in a thermodynamic reaction. All these
effects are mass-dependent. The difference in the strength of bonds formed by the light vs. the
heavier isotopes of an element underlies the physicochemical reactions. Differences in bond
strength for isotopes of the same element result in differences in their reaction rates and the
energy required to break them apart. The heavy isotope has a stronger bond than a light isotope;
hence greater energy is needed to dissociate the heavy isotope; thus, lighter nuclei react at a
faster rate (Clark and Fritz, 1997). For instance, during evaporation, the liquid phase is enriched
in the heavier isotope while the lighter isotope becomes concentrated in the vapor phase.
Isotopic fractionation also occurs due to the diffusion of molecules (Clark and Fritz,
1997). The differences in the diffusive velocities between isotopes cause fractionation. The
heavier the water molecule, the slower the diffusion rate. The temperature of the reaction
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significantly affects the isotope fractionation-temperature effect. Isotopic fractionation increases
with decreasing temperature. At high temperatures, the fractionation factor (α) is close to 1,
while with decreasing temperature, α is less than 1, and isotope separation occurs between the
reactants and products (Clark and Fritz, 1997). Equilibrium isotope fractionation factors for
phase transition of water is presented in Table 2. The equilibrium isotope fractionation factors
are expressed as α+ (if it is greater than 1) or α* (if it is less than 1) (Gat, 2010).
Rayleigh fractionation describes the changing isotopic composition of water as it moves
in the hydrologic cycle. The Rayleigh equation (Equation 4) delineates a progressive separation
of heavy isotopes from the water reservoir. Due to the rainout process, the heavy isotopes are
continuously removed from the reservoir (vapor) in an open system (Clark and Fritz, 1997;
Dansgaard, 1964; Gat, 2010). As an air mass has undergone a sequence of precipitation cycles,
δ18O and δ2H values of the remaining vapor and the precipitation become progressively more
negative (Sharp, 2017).
Table 2. Equilibrium isotope fractionation factors for a liquid-vapor phase of water (Gat, 2010).
Liquid-vapor

18α+

2α+

at +20 °C

1.0098

1.084

at 0 °C

1.0117

1.111

*Adapted by Gat (2010)

The isotopic fractionation of 18O and 2H between warm and cold regions is also due to the
Rayleigh process during rainfall (Clark and Fritz, 1997).
R = R0 f (α-1)

(4)
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Where R is the ratio when only a fraction, f, remains, R0 is the initial isotope ratio in the
water, and α is the equilibrium fractionation factor during evaporation (Clark and Fritz, 1997).
When f decreases, a corresponding depletion in the ratio occurs (Zneimer, 2019).
2.3 Isotopes of Precipitation
2.3.1 Meteoric Water Lines
Craig (1961) identified a linear relationship between the δ18O and δ2H composition of
precipitation based on meteoric and surface water samples. This line is known as the Global
Meteoric Water Line (GMWL). The defined equation for the line;
δ 2H = 8 x δ18O +10‰

(5)

Rozanski et al. (1993) determined the regression line based on precipitation data gathered
from the Global Network of Isotopes in Precipitation (GNIP) established by the International
Atomic Energy Agency (IAEA) and the World Meteorological Organization (WMO) to monitor
the global δ18O and δ2H composition of precipitation.
δ 2H = 8.17 x δ18O +11.27‰

(6)

The slope and the deuterium excess (d-excess) vary with local meteorological conditions,
such as temperature, humidity, and moisture sources at the time of precipitation, secondary
evaporation during rainfall, and the seasonality of precipitation (Clark and Fritz, 1997; Sharp,
2007). The d-excess can be utilized to indicate climatic conditions, seasonal variations in the
isotopic composition of precipitation, or evaporation process. A local meteoric water line
(LMWL) is defined using δ18O and δ2H values for a specific region. The LMWL can indicate the
vapor source, secondary evaporation, and mixing. The GMWL and LMWL show if a
precipitation sample is affected by evaporation occurring after condensation. Evaporation during

12

precipitation will shift the isotopic signature of the water away from the meteoric water line
along an evaporation line with a slope of less than 8 (Friedman et al., 1962). Therefore, the
isotope values of the samples that have undergone evaporation will be plotted to the right of the
GMWL (Rau, 2016).
The effects of temperature, amount, latitude, altitude, and a continental landmass all lead
to distinct isotopic compositions of precipitation. The effects of latitude and altitude can be
excluded in Florida due to its geographic and climatic conditions (Polk, 2009). Its subtropical
latitude reduces the effects of rainout and temperature seen in higher latitudes, and having a low
elevation eliminates the altitude effect in Florida, temperature, amount, vapor sources, and
convection processes can account for the variations in the stable isotope composition of
precipitation. The combination of seasonality and the amount effect is responsible for the δ 18O
and δ2H values of precipitation in west-central Florida (Polk et al., 2013).
The isotopic signature of local precipitation is affected by storm trajectory and mixing of
different air masses from local vapor sources (Price et al., 2008). Several types of storms affect
Florida’s weather. Convectional and frontal storms mainly influence Florida’s climate, but
continental fronts also impact the weather by bringing a cold air mass. Storm events and lowpressure systems originating from the Atlantic Ocean and the Gulf of Mexico are responsible for
Florida's weather conditions. Low-pressure systems that move west to east from the Pacific
Ocean across the United States continent sometimes affect the weather in Florida (Kendall and
Coplen, 2001). Most oceanic storm track precipitation is related to cold fronts (Raveh-Rubin and
Catto, 2019). Tropical air masses from the Atlantic Ocean and the Gulf of Mexico bring rainfall
to Florida during summer. Winter storm fronts and convective thunderstorms in summer lead to
the isotopic fractionation in precipitation. Price et al. (2008) detected very low δ18O and δ2H
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values (δ18O < -6‰ and δ2H < -40‰) in the precipitation during cold fronts from the north-west
in south Florida and before the passage of hurricanes from the Gulf of Mexico.
2.3.2

Temperature Effect

The isotopic composition of precipitation is strongly associated with temperature (Yurtsever,
1975). Cooler temperatures cause greater fractionation, hence, 18O (or 2H) depleted precipitation
(more negative δ values). In other words, isotopically light precipitation is observed in winter,
while isotopically heavy precipitation occurs in summer. The isotopic composition of
precipitation can also vary with mean temperature change. During colder periods, more negative
δ18O and δ2H values are observed at a particular location (Stewart and Taylor, 1981). The
temperature gradient of the δ18O value of precipitation is about 0.7‰ per °C but less in
continental areas, whereas it is 0.2‰ per °C in coastal regions. The gradient is about 5.6‰ per
°C or less for δ2H in continental areas (Geyh et al., 2000).
According to Geyh et al. (2000), the seasonal isotopic trend in precipitation can be
estimated by a sine curve to determine the mean residence time of karst water up to 5 years. The
equation is as follows;
𝑡=

1
2𝜋

𝐴2𝑖𝑛

√

𝐴2𝑜𝑢𝑡

−1

(7)

Where Ain and Aout are the amplitudes of the sinual δ18O trend of the precipitation and
the discharged water, respectively.
2.3.3 Amount Effect
The “amount effect” was defined by Dansgaard (1964) based on the relation between the
amount of precipitation and the isotopic composition of precipitation. The amount effect results
from the evaporation process that creates isotopically light air mass compared to source water,
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the transport of water vapor away from the original source, the depletion in the isotopically
heavier water molecules as precipitation, and the recycling causing the isotopically even lighter
precipitation (Rau, 2016). There is a strong correlation between low δ 18O and precipitation
amount (amount effect) in subtropical and tropical regions (Rozanski et al., 1993; Geyh et al.,
2000; van Beynen et al., 2007). The amount effect significantly contributes to establishing
seasonal variations of the δ18O values of precipitation. The amount effect is likely expected in
west-central Florida due to its subtropical climate; however, other factors can contribute to the
variations in δ18O composition as the isotopic composition of the vapor source and convective
showers (Rozanski et al., 1993). Convective thunderstorm activity is a common phenomenon in
tropical regions because warmer conditions intensify the activity and evaporation (Polk, 2009).
In Florida, during summer, many of the thunderstorms are caused by convective systems. Those
convective showers raise heated air masses and carry more water vapor into the atmosphere
(Rau, 2016; Polk, 2009). The process results in higher precipitation amounts during summer
(Polk, 2009); thus, more negative isotopic values in precipitation (Rozanski et al., 1993).
2.4

Isotopic Studies of Watersheds in Florida
Katz et al. (1997) used a multi-isotope approach (δ18O, δ2H, δ13C, 87Sr/86Sr, and 3H) along

with chemical analyses and geochemical modeling techniques to reveal the dominant
hydrochemical processes, flow patterns, and mixing processes between the surface water and
groundwater in northern Florida. Two- and three end member mixing models were developed
based on differences in δ18O and δ2H in surface water, groundwater, and rainfall. The results
showed that the percentage of lake water mixed with meteoric water varied from 7 to 86 percent
in water from wells near Lake Bradford. Groundwater was mixed with surface water with an
evaporated isotopic signature in deeper parts of the UFA. Gremillion and Wnielista (2000)
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examined the δ18O values of precipitation, surficial groundwater, and river water which
contribute waters to the Econlockhatchee River basin. Their study was to determine whether the
δ18O variations in precipitation were sufficient to separate precipitation from river and
groundwater in the watershed by applying hydrograph separation models. The results showed
that the variations of δ18O of precipitation were adequate as a tracer in hydrograph separation
studies. Sacks (2002) calculated groundwater inflow to 81 lakes in central Florida applying the
isotope mass-balance equation. They compiled stable isotopic data (δ 18O and δ2H) of rainwater,
groundwater and surface water inflow, lake water, and atmospheric moisture at Lake Starr and
Halfmoon Lake. The average isotopic values of rainwater are not statistically significant in both
study areas between 1999 and 2000. Additionally, the values showed that there was no distinct
trend for seasonality.
Onac et al. (2008) employed δ18O and δ2H to determine changes in isotopic values of
meteoric water during percolation from soil and epikarst into two caves in west-central and
northern Florida. A significant variation in the precipitation isotopic values was found, however,
no significant correlation was found for seasonality. They observed a little correlation in the
amount effect between March and August at the research site located in west-central Florida. The
higher d-excess values during the summer rainfalls show evaporation. The long residence time of
seepage waters in the vadose zone was observed. It was noted matrix flow (flow-through
intergranular) dominated within the epikarst based on the findings. A similar study was
conducted by Polk et al. (2012) provided an isotopic calibration study of precipitation and cave
dripwater in west-central Florida. The results demonstrated the amount effect is a significant
control on the δ18O composition of precipitation in the study area. Storm convection height and
vapor source also control the annual average δ18O value of precipitation. The annual average
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dripwater δ18O values indicated a homogenization of percolating meteoric waters with stored
groundwater in the epikarst; hence, the dripwater δ18O values reflected the long-term average
precipitation δ18O values in the study area.
Price et al. (2008) investigated the seasonal and spatial variation of δ 18O and δ2H in
precipitation in south Florida. A seasonal variation in the isotopic signature of the precipitation
was identified. Lower δ18O and δ2H values were observed in the area during the wet season
because when the air temperature is high, the fractionation by regional upstream precipitation is
common and the disequilibrium of larger hydrometeors is greatest. Increased storm activity over
the ocean leads to lower isotope values in precipitation.

17

Chapter 3: Study Area
Sulphur Springs is located in Tampa, which is in west-central Florida. The groundwater
contributing area is approximately 129 km2 (Fig. 1) (Polk et al., 2007). The area is in a highly
urbanized region of Hillsborough County, and the neighborhood includes Temple Terrace, the
University of South Florida. Sulphur Springs is at the south end of the watershed (Latitude 28°
01' 16.08", Longitude 82° 27' 5.89") with mixture of light industry, residential, commercial
wetland landcovers.
The climate of this area is subtropical and characterized by a wet season with humidity in
the summer and a drier season in the winter. The mean temperature is 22.5 ℃, and the mean
annual precipitation is about 1113 mm measured at the climate station at Tampa International
Airport, which is 9.5 km SW from the spring (climate-data, 2021). Rainfall exhibits a seasonal
pattern in Florida. Rain events caused by thermal convective are common during the summer.
These thunderstorms are intense but short-lived due to the high evaporation of rainfall. From the
late spring through early fall is the wet season in Florida. There is a pronounced dry season
between November and April that occurs in the region (Erdman, 2017).
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Figure 1. Study area within Florida.
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The study area lies in a highly karstified basin with fluvio-karst characteristics with a
majority of the karst features classified as relict karst (Florea, 2016). Fluvio-karst develops due
to dissolution and mechanical erosion by running water (Ford and Williams, 2007). In westcentral Florida relict karst is subject to water table changes and freshwater-saltwater mixing as
the study area sits in a coastal region.
Sulphur Springs is an artesian spring that discharges from the mouth of Sulphur Springs
Cave (SSC). SSC is a phreatic conduit developed in eogenetic limestones, likely along the
Tampa/Suwannee interface. The cave system comprises a Main Tunnel. The Main Tunnel is
further divided into two smaller cave passages, the Orchid Tunnel, and the Alaska Tunnel. The
cave system has an average 30 m water depth (Scharping et al., 2018). The cave passage
(conduit) has height to width ratio greater than 1 for more than 25% in the SSC passageway
compared to less than 10% for phreatic caves in Florida (Garman, 2010).
Sulphur Springs is a second-magnitude spring with an average flow of 0.97 m3/sec. The
spring discharges into a 27.4 m diameter circular pool enclosed by concrete walls, then over a
2.1 m weir, and into the Hillsborough River via a shallow channel. The spring provides the
largest freshwater input to the Hillsborough River (The Florida Springs Task Force, 2000). A
water pumping facility was installed at the west side of the pool in 1964 to supply supplemental
water for the Hillsborough River Reservoir during low flow periods in the river due to droughts
and high-water demands (Stewart and Mills, 1984). The city modified the pumping system in
2002 to extract water from the springs that could be diverted to maintain the downstream
ecosystem in the spring run and the Lower Hillsborough River to meet new regulations of
Minimum Flows instituted by the Southwest Florida Water Management District (Scharping et
al., 2018; Scott et al., 2004).
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3.1 Geology/Hydrogeology
In Florida, Miocene and post-Miocene siliciclastic deposits overlie a thick sequence of
carbonates. The Sulphur Springs area has unconsolidated sand and clay deposits with a thickness
of more than 27.4 m. These surficial deposits confine the lithologic settings of the Tampa
Limestone (Upper Oligocene/Lower Miocene), Suwannee Limestone (Lower Oligocene), Ocala
Limestone (Upper Eocene), the Avon Park Limestone (Middle Eocene), and the Oldsmar
Limestone (Eocene) in descending order. The major lithologic unit is carbonate with evaporites
in the Oldsmar Limestone confined by the lower part of the Avon Park Limestone. The Tampa
limestone contains sand and clay layers and is the upper confining for the upper Floridan
Aquifer. The unit outcrops throughout the Hillsborough River basin. This limestone sequence
includes two distinct aquifers; the Surficial Aquifer, composed of shallow siliciclastic deposits,
and the Floridan aquifer, composed of Eocene to Miocene carbonates. In west-central Florida,
the Floridan Aquifer is semi-confined to unconfined. The Floridan Aquifer System (FAS)
consists of Upper and Lower aquifers divided by the less permeable Avon Park Formation. The
Upper Floridan Aquifer (UFA) is formed by the younger, non-gypsiferous limestones containing
freshwater. The older, gypsiferous limestones form the Lower Floridan Aquifer (LFA) having
generally saltwater (Ryder, 1985; Scharping et al., 2018; Stewart and Mills, 1984).
Two distinct hydrological units separate the UFA close to the Sulphur Springs area. The
Suwannee and Ocala Limestone contains the shallow hydrological unit of the UFA, whereas the
Avon Park Limestone hosts the deeper hydrological unit, the LFA. Horizontal hydraulic
conductivity in the UFA varies from 16 × 10-2 m d−1 in the Suwannee Limestone to 6.1 × 103 m
d−1 in the significantly cavernous Tampa/Suwannee Limestone interface underneath Tampa
(Scharping et al. 2018). The FAS includes an extensive cavity system for about 3.2 km north of
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Sulphur Springs between the Hillsborough River and Fletcher Avenue (Stewart and Mills, 1984).
The Floridan Aquifer maintains the original porosity and permeability of its young carbonates
which can be as high as 30-40%, and the permeabilities of the rock matrix range between 10-11
and 10-14.5 (Florea, 2008). The transmissivity of the Floridan Aquifer is high for most parts in the
Sulphur Springs area (generally highest near the Hillsborough River); however, it ranges from
0.68 × 104 m2 d−1 in the northwestern part to 0.12 × 105 m2 d−1 in the northeastern and
southeastern parts (Stewart and Mills, 1984).
The northern part of Sulphur Springs contains numerous swallets and sinkholes
contributing to the spring recharge (Scharping, 2018). Fluorescein dye tests were conducted in
1958 by the city of Tampa Water Department to determine groundwater movement and velocity
in the region. The results revealed the connection between the Blue Sink and Sulphur Springs
although that connection no longer exists (Stewart and Mills, 1984; Wallace, 1993). A direct
connection between the Orchid Sink and the spring was identified by conducting a dye test in
1987. The dye was detected 20 hours after injection, which equated to a flow velocity of 105 m/h
(Wallace, 1993).
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Figure 2. The location of sinkholes in the study area. Reprinted from “Dye trace and
bacteriological testing of sinkholes: Sulphur Springs, Tampa, Florida” by Wallace, 1993.
Reprinted with permission.

Stewart and Mills (1984) evaluated the hydrogeology of the Sulphur Springs watershed
by conducting coliform bacteria analyses from Sulphur Springs, Orchid Sink, and Tenth Street
(Alaska) Sink to determine the source of the contamination in Sulphur Springs. Precipitation and
urban runoff entering the sinks are associated with the bacteria count in Sulphur Springs. As
explained by Wallace (1993), water quality tests revealed the association between stormwater
runoff and high bacteria levels at Sulphur Springs. Aquifer characteristics were investigated,
evaluating the concentrations of calcium, magnesium, sodium, chloride, and fluorides. An
increasing trend in the concentrations through the flow path from Curiosity to Jasmine to Alaska
Sinks to Sulphur Springs was observed (Wallace, 1993).
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Recharge to the Upper Floridan Aquifer and thus Sulphur Springs occurs diffusely
through the surficial aquifer recharged by rainfall, irrigation, and diffuse upward leakage from
the UFA. However, sinkholes and the Tampa Dam Reservoir also contribute to the recharge
(Stewart and Mills, 1984; Sepúlveda, 2002). In the study area, sinkholes provide discrete
recharge into the UFA which may also contribute the spring discharge.
Different sources of water exist in the Sulphur Springs cave system which include the
Upper Floridan Aquifer, surface inputs from the sinkholes, and saltwater upwelling from deep
sources (Scharping et al. 2018). This study investigated saltwater intrusion in Sulphur Springs
and found that specific conductance is 10 times higher than in 1946. The spring water contained
high levels of sodium-chloride due to anthropogenic impacts on coastal mixing zone position and
shape. The saltwater vents are found throughout the cave system. These vents bring saltwater
since they are probably connected to fractures which intercept or upcone the coast mixing zones
water (Garman, 2010; Scharping et al., 2018).
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Chapter 4: Methodology
4.1 Methods
4.1.1

Water Collection
Field studies were conducted to collect spring waters, rainwater, and groundwater for

isotope analyses of δ18O and δ2H. A total of 53 water samples were collected; 21 spring water,
21 precipitation, and 11 well water and 1 seawater end member. Water samples were collected
twice a week between June and August of 2021. Each water sample was collected in a 60 ml
plastic bottle with a Polyseal insert cap with no headspace above the water to prevent
evaporation. Grab samples for Sulphur Springs were collected within 3 m of the spring vent at
the Sulphur Springs Pool (Fig. 3). The sample bottles were rinsed three times after which the
water samples were collected. After the sampling, all samples were sealed with parafilm and
stored in a refrigerator at 4 °C in the University of South Florida Stable Isotope Laboratory until
analysis.
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Figure 3. Sulphur Springs Pool.
Precipitation was collected within a fenced area at Orchid Sink that is 2.8 km due north
of Sulphur Springs. Orchid Sink was selected as the collection site of precipitation since there is
a direct hydraulic connection between Orchid Sink and the Sulphur Springs system. It was
observed that the response to the water elevation in this sink was associated with the drop in the
flood gates at Sulphur Springs (Schreuder, 2001). The water collector was the funneled bucket
from a rain gauge which was placed 10 m from any tree. The funnel collector is attached to a
sampling vessel. A 5 mm layer of paraffin oil was placed in the vessel to prevent evaporation any
evaporation of the precipitation.
Precipitation samples collected and stored in the same manner as the other water samples. Data
for the precipitation amount were collected from the USGS monitoring gauge (USGS 02306000
Sulphur Springs) located at Sulphur Springs.
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Cumulative precipitation sampling was conducted twice a week, from June to August
2021. As such, the precipitation samples represented a combination of any rainwater that fell
between sampling times.
The Upper Floridan Aquifer groundwater was collected from a well upgradient of
Sulphur Springs. This well was the closest, most accessible well within the watershed to the
spring as identified by David DeWitt of the Southwest Florida Water Management District
(SWFWMD). The well is 101.6 mm in diameter and its screened interval is from 6.1 to 12.2 m
with a depth to water of 2.52 m (Dave DeWitt, personal communication). The District purged the
well after which this study sampling began (20 June 2021). A submersible sampling pump was
used to collect the groundwater from the well at a depth of more than 3 m. Water was pumped
for 30 seconds before sampling began. Sampling followed the same procedure as described
above. The well water was collected 11 times over the sampling period.
Water isotope analyses of spring water, precipitation, well samples, and seawater were
performed at the University of South Florida Stable Isotope Laboratory using a Cavity Ring
Down Spectroscopy (CRDS)-Picarro L2130-i coupled to an auto sampler and high-precision
water vaporizer unit (Fig. 4). The analytical precision of the measurements was better than 0.1‰
for δ18O and 1‰ for δ 2H (1σ).
Samples were transferred by high-precision pipette to 1 ml glass vials. After that, the
vials were immediately capped with plastic caps, and the internal laboratory standards were
placed on the sample arm of the Picarro. Three internal laboratory standards determined by the
range of possible isotope values for the water samples analyzed were used to calibrate each
analysis run.
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Figure 4. Water samples run on the Picarro water isotope analyzer.
The values from the first six injections were discarded in data processing to minimize the
memory effect between water samples. First, linearity and drift corrections were made in raw
data. Then, the values were calibrated to the VSMOW scale using internal laboratory reference
waters. After the calibrations, the average values and the standard deviations were calculated.
Final values were presented in δ per mil units relative to the VSMOW standard.
4.1.2

Mixing Model
A three-component mixing model was used to assess water contribution from

precipitation, diffuse groundwater, and seawater intrusion. Therefore, precipitation, well water,
and saltwater were chosen as three end members in the mixing model. For the three-component
mixing model, the fraction of each component in the spring water (mixture) is defined as the
linear mass balance equations.
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f p + f dgw + f sw = 1

(8)

δ18Op f p + δ18Odgw f dgw + δ18Osw f sw = δ18Omix
δ2Hp f p + δ2Hdgw f dgw + δ2Hsw f sw = δ2Hmix

(9)
(10)

where, f p = fraction of precipitation, f dgw = fraction of diffuse groundwater flow, and f sw =
fraction of saltwater, the δ notations representing δ18O and δ2H values of precipitation (p), diffuse
groundwater (dgw), saltwater (sw), and spring water (mix), respectively.
It is assumed that the spring discharge consists of precipitation, diffuse groundwater, and
saltwater to calculate the mixing ratios of the components contributing to the spring discharge.
The well water is assumed to be representative of the diffuse flow end member in the mixing
model and represents water stored in the matrix. Saltwater is also considered because saltwater
upwelling was noted in the cave system feeding Sulphur Springs. The hydrochemical character
of Sulphur Springs has shifted from Ca-SO4 type to Na-Cl type. In Sulphur Springs, pumping
activity during the dry season allows the upward movement of saline groundwater, and the wet
season recharge increases the artesian pressure in the confined, saline aquifer units, resulting in
reduced salinity (Scharping et al., 2018).
Another assumption in this study is that the vadose zone contributions to the system are
negligible. Although vadose percolation occurs during rain events, vadose input contribution to
the spring discharge is less significant compared to the other components due to the extensive
size of the conduit. The use of a mixing model requires that contributions from surface storage
are minimal. This requirement may not be satisfied in the study area, as the interaction between
groundwater and surface water has been determined in northern Florida by previous studies
(Katz et al., 1997; Ahmed et al., 2021). However, surface storage contributions are assumed to
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be negligible in the study area since the other source contributions are overwhelming in the
system.
The ISOERROR model was utilized for estimating mixing proportions of the end
members that contribute to the spring discharge. The ISOERROR1_04 model is available as a
Microsoft Excel spreadsheet from the EPA. A dual isotope, three-component linear mixing
model is performed through the ISOERROR based on the mass balance equations. A separate
calculation for each sample of the mixture can be made as well as the fractional contributions of
each source to the mixture and confidence intervals for fractional contributions of each source
can be calculated. The mean fraction of one of the three sources in the mixture is calculated from
the following equation (Phillips and Gregg, 2001).
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Where δ and λ represent mean isotopic values for two elements, in this study they are δ18O and
δ2H, and A, B, and C refer to three sources, and M is the mixture.
The amount-weighted average δ18O and δ2H values for the precipitation were calculated
from the isotopic composition of each individual sample by using the equations.
δ18O =

δ2H =

∑ 𝑃𝑒 (𝛿18 𝑂𝑒 )
∑ 𝑃𝑒

∑ 𝑃𝑒 (𝛿2 𝐻𝑒 )
∑ 𝑃𝑒

(12)

(13)
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Pe stands for the amount of a single precipitation sample, and δ18O and δ2H values
correspond to that particular sample (McDonnell et al., 1990).
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Chapter 5: Results and Discussion
5.1 Spring Isotopic Data
The isotopic composition of Sulphur Springs water samples collected during the study
period ranges between -2.85 and -2.28 for δ18O (‰ VSMOW) and -14.6 and -11.1 for δ2H (‰
VSMOW) (Fig. 5). The average values of δ18O and δ2H are -2.64‰ and -13.0‰, respectively.

Figure 5. δ18O and δ2H values for Sulphur Springs samples during the study period. The red
circles represent δ18O values, whereas the blue triangles show δ2H values.
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5.2 Well Isotopic Data
The isotope values for the well samples ranges from -3.84 to -3.58 (‰ VSMOW) and from
-19 to -17.6 (‰ VSMOW) for δ18O and δ2H, respectively (Fig. 6). The average value for δ18O is 3.74‰, and the average δ2H value is -18.2‰.

Figure 6. δ18O and δ2H values for the well samples measured from July to August 2021.The red
circles represent δ18O values, whereas the blue triangles show δ2H values.

5.3 Precipitation Isotopic Data
The isotope composition of the precipitation samples collected at Orchid Sink show δ 18O
values between -7.00 and 0.97 (‰ VSMOW), and δ2H values between -45.6 and 17.8 (‰
VSMOW) (Fig. 7). The unweighted average δ18O and δ2H values are -3.45‰ and -22.3‰
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respectively, whereas the amount weighted average δ18O and δ2H values are -3.49‰ and 24.3‰. There was a small volume water in the rainwater collector on August 20, 2021, but no
precipitation occurred between sampling events. The isotopic value of this sample was not
included in the data analysis, as the origin of water was uncertain.

Figure 7. δ18O and δ2H values of precipitation samples during the study period. The red circles
represent δ18O values, whereas the blue triangles show δ2H values.

The local meteoric water line (LMWL) was developed using least-squares regression of
the precipitation stable isotopes data. The average values were used to generate the LMWL.
The linear equation calculated for the LMWL is:
δ2H = 5.6*δ18O – 2.3

(R2 = 0.45)

(17)

δ18O and δ2H values of the precipitation samples were plotted along with the global
meteoric water line (GMWL) and derived local meteoric water line (LMWL) (Fig. 8). The
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LMWL has a lower slope (5.6) and y-intercept (2.3) than the GMWL. The slope of the LMWL is
similar to the slope value of 5.43 found for river waters in Florida by Kendall and Coplen (2001),
and the value of 5.63 reported for precipitation of west-central and northern Florida by Onac et
al. (2008). The slope value between 3 and 6 generally indicates evaporative conditions (Coplen,
1993). The slope and y-intercept are typically lower in subtropical and tropical regions reflecting
secondary evaporation processes (Kendall and Coplen, 2001; Sharp, 2007). Therefore, low slope
values of LMWL (as low 5 to 6) are expected in the regions where summer precipitations are
derived from the Gulf of Mexico (Kendall and Coplen, 2001).
All values of δ18O and δ2H for the study area were plotted next to the GMWL, the
LMWL, and the meteoric water line estimated for the Upper Floridan Aquifer (UFA) by
Swancar and Hutchinson (1995) to evaluate the isotopic variations during the study period. The
equation for the UFA is:
δ2H = 5.4*δ18O + 1.5

(18)

The water samples from Sulphur Springs cluster along the UFA line and plot below the
GMWL but above the LMWL. This suggests that the spring mostly recharges from the aquifer.
The δ18O and δ2H values of well water cluster in a narrow range and plot closer to the UFA line
but left of the GMWL and LMWL. The isotopic values of well waters that cluster on the UFA
line show more depleted than spring water. The spring water isotopic values mostly fall between
the UFA line and the LMWL. This indicates that the water discharge from the spring is a mixture
of groundwater, precipitation, and saltwater.
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Figure 8. δ18O and δ2H isotopic compositions of spring water, groundwater, and precipitation
samples relative to the GMWL, LMWL, and the linear equation line for the UFA.

5.4 Climatic Controls on Isotopic Composition of Precipitation
In Florida, the isotopic composition of the precipitation is affected by several climatic
controls including temperature, precipitation amount, storm tracks, convection processes, and
variation in vapor sources. The variability of the stable isotopic values could be attributed to
these multiple controls (Polk et al., 2012).
The δ18O values of the precipitation samples were plotted against average daily
temperature and the amount of precipitation. As in the previous studies, there is no significant
relationship between the precipitation δ18O values and average daily temperature (r2 = 0.12).
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These results are expected in Florida due to its sub-tropical climate which exhibits high average
annual temperature and less pronounced seasonality (Onac et al., 2008; Polk et al., 2012).
There is no significant relationship between the δ18O values of precipitation and
precipitation amount (r2 = 0.1). During the sampling period, some days with higher precipitation
amounts demonstrate isotopically more depleted values as on June 16, 2021, which yielded 91.7
mm rainfall with the value of -6.63‰. The total rain amount recorded during the sampling period
from June 24 to June 29, 2021, is 88.9 mm, and the δ 18O value of the representative precipitation
sample taken on June 29 is -7.00‰. The most depleted precipitation δ18O values are documented
at those sampling dates during the wet season. Intense summer storms of Florida have stronger
convection leading to isotopically more depleted precipitation (Polk et al., 2012), hence, these
isotopic values are likely to be associated with such a convection system.
5.4.1 Deuterium Excess
The deuterium Excess (d-excess) values were calculated from the equation described by
Dansgaard (1964):
d-excess = δ2H - 8*δ18O

(19)

Deuterium Excess (d-excess) values for precipitation range between -11.8‰ to +28.2‰,
with an average value of +4.5‰ during the sampling period (Fig. 9). The average d-excess value
of +4.5‰ for the study area is in the range of +2 to +6 found by Kendall and Coplen (2001).
The d-excess value of precipitation indicates the climatic conditions in which the rain
originates, such as the relative humidity, the air temperature, the ocean surface temperature, and
evaporative kinetic fractionation; therefore, the d-excess values may be used to define the
moisture source (Ansari et al., 2020; Kendall and Coplen, 2001). High d-excess values of
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precipitation indicate further evaporated moisture is added to the atmosphere, whereas low dexcess values are corresponded to evaporative fractionation and suggest falling raindrops are
exposed to evaporation during less-intense precipitation events (Kendall and Coplen, 2001;
Ansari et al., 2020). The lower d-excess in precipitation exhibits evaporation beneath the cloud
and higher relative humidity (Ansari et al., 2020, Onac et al., 2008). According to wind direction
data obtained from the National Oceanic and Atmospheric Administration database for the
Tampa International Airport Station, the air mass usually came from the Gulf of Mexico during
the study period. Some of the d-excess values are negative. Most of the low d-excess values were
observed on the sampling days when air mass came from the Gulf of Mexico. The Atlantic
source was determined on only one of the sampling days, which showed a negative d-excess
value (sampling on June 18, 2021). If the source came from the Atlantic, the d-excess values
were usually about 10‰. Hence, the low d-excess values for the precipitation during the study
period can be attributed to sub-cloud evaporation and high humid air mass source coming from
the Gulf of Mexico.
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Figure 9. Deuterium-excess values of precipitation over the study period.
The d-excess values of the precipitation samples were plotted against the average daily
temperature and precipitation amount over the sampling period. The average daily temperature
data were obtained from the online NOAA station at Tampa International Airport records. As in
Polk et al. (2012) and Onac et al. (2008), there are no significant correlations between d-excess
and the parameters.
5.5 Spring Hydrologic Response to Rainfall
Several large rainfall events occurred during the collection period (Fig. 10). The average
rainfall amount was estimated at 9.7 mm over the wet season in the study area. The total
precipitation was the highest in June (401 mm). July had 291 mm of rain, while August had 201
mm. The largest event occurred on June 24, 2021, with the amount of 103.9 mm recorded at the
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USGS station at the Sulphur Springs. The other intense precipitation occurred on June 16 that
brought over 91.6 mm of rain to the study area.

Figure 10. Precipitation records at the USGS Sulphur Springs gauge during the sampling period.
There were two named storms during the study period. Hurricane Elsa made landfall in
Florida on July 7, 2021, and 19.8 mm rainfall was recorded at the USGS Sulphur Springs
Station. The successive rainfall events were recorded at the station from July 5 to July 8, 2021,
with 11.4, 38.1, 19.8, and 0.8 mm, respectively. The discharge rate started to rise on July 5 and a
major increase was observed when the hurricane made landfall. This reflects the immediate
response of the spring to a high discharge event.
Another named storm, Tropical Storm Fred, made landfall in Florida Panhandle on
August 16, 2021, which brought over 23.4 mm of rain to the study area. Between August 11,
when the storm formed, and August 16, when it landed, the total amount of precipitation was
recorded as 59.7 mm at the station. However, the spring shows an increase in the discharge when
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the storm made landfall, and on the following day, the recharge pulse is less pronounced
compared to that caused by the Hurricane Elsa. That is likely due to the higher amount of input
during Hurricane Elsa.
To evaluate the spring discharge response to rainfall events and changes in the spring
isotopic composition related to the observed events, precipitation amounts, spring discharge
values, and spring δ18O values were plotted together (Fig. 11). Spring discharge increased during
the study period but started to decrease after the second half of August- as of August 18, 2021.
The ratio of the maximum discharge to mean discharge estimated between June 1 and August 31
was 1.6. This compares well with the ratio of 1.4 found by Scharping et al. (2018) for Sulphur
Springs during the wet season of 2017. Florea and Vacher (2006) found springflow hydrographs
of eogenetic karst springs represent a low variation in spring discharge as in Silver Springs,
Florida, with a value of 1.7 calculated from a one-year hydrograph.
An apparent connection between spring discharge and an intense precipitation can be
seen in the hydrograph. On June 24, 2021, the rainfall led to a significant increase in the spring
discharge. This increase might be due to the hydraulic head increase in the system. The old water
flushed off the system due to the pressure wave may have increased the discharge rate. The
spring discharge rose by 0.28 m3/s on June 25, 2021, and it was measured 0.61 m3/s on June 26,
2021. The response of the spring discharge to this individual event is within a day. This result is
in good agreement with the dye test study conducted in the Sulphur Springs area. The dye was
detected in the spring discharge 20 hours after injection from the Orchid Sink (Wallace, 1993).
The springflow hydrographs responding to individual storms suggest a well-developed conduit
system that shows high hydraulic conductivity in the area (Florea and Vacher, 2006; Scharping
et al., 2018).
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Figure 11. a) Precipitation amount, b) Sulphur Springs discharge, and c) δ18O values of the
spring water.
Meanwhile, the spring water shows lower δ18O values right after the precipitation event
on June 24, 2021, compared to those before the event. The spring water δ 18O value is -2.28‰
before the rainfall; however, the δ18O value is measured -2.71‰ after the rain. The successive
rainfall events between June 29 and July 7 yielded 291.5 mm of precipitation. As a result, the
spring discharge increased from 0.69 m3/s to 0.98 m3/s. Negative δ values reflecting the amount
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effect are observed in the spring water samples. The isotopic composition of the spring water
became more negative during this period due to large precipitation events.
Additionally, towards the end of the sampling period (late August), an increase in isotope
values of the spring samples is observed. In the study area, while the temperature increases in the
second half of August, the amount of precipitation decreases. Therefore, it is likely that
evaporation affects the spring water isotopic composition. However, it is noteworthy that spring
water does not exhibit significant isotopic variation in the discharge; rather the variation is
constant. This suggests that the rainfall isotopic signals were dampened; thus, the variations
which may arise from individual precipitation events were muted in the spring.
5.6 Three-component mixing model
A three-component mixing model was used to identify the relative contributions from
diffuse water sources, precipitation, and saltwater. The proportional contributions of each source
to springflow and confidence intervals for estimated proportions were calculated using
ISOERROR model (Phillips and Gregg, 2001). In the mixing model calculations, the mean δ18O
and δ2H values of the groundwater well were used to determine diffuse source contributions.
Since another end member in the model is saltwater, the isotope values of seawater were used in
the calculations. The measured isotopic compositions of seawater were 1.16 and 10.5‰ for δ18O
and δ2H, respectively.
The isotope values of precipitation were based on the amount weighted average values of
precipitation for the wet season.
The calculated fractions of the three end members are shown in Figure 12. The results
indicate that the relative contribution of diffuse groundwater flow to the spring discharge is
greater than precipitation and saltwater during the rainy season. Majority of the spring discharge
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is composed of diffuse groundwater flow. The contribution of diffuse water end member varies
between 44.14% and 76.98%. The values share similarities with Doctor et al.’s (2006) findings
regarding diffuse water fractions in the mixing water. Doctor et al. (2006) estimated that the
karst water end member (diffuse flow) contribution at the well monitored was up to almost 60%
over the study period. The proportions of diffuse well water may indicate changes in hydraulic
head between the conduit and surrounding matrix (Doctor et al., 2006; Moore et al., 2009). As
hydraulic head gradient increases in the surrounding matrix, stored water in the matrix is flushed
into the conduit due to the pressure wave. This suggests a connection between matrix-stored
groundwater and conduit water that discharges from the spring. In eogenetic karst, matrix
(primary) porosity easily communicates with secondary porosity, such as fractures and caves
(Martin and Dean, 2001; Scharping et al., 2018). Therefore, diffuse flow component (matrix
stored) to dominates the discharge of Sulphur Springs.
Saltwater is the second largest component in spring water mixture. Fractions of saltwater
ranged from 18.17% to 28.68%. This suggests that saltwater could comprise almost one third of
the spring discharge. The highest fractions were calculated during June, at the beginning of the
wet season. There is significant upwelling from saltwater sources under baseflow conditions due
to the intense groundwater pumping and seasonal rainfall patterns (Scharping et al., 2018). The
saltwater contribution to the cave system was suppressed over time during the rainy season and
remained almost constant towards the end of the rainy season. However, the saltwater
contributions remained higher than 18% during the wet season.
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Figure 12. Relative contribution of diffuse groundwater sources, precipitation, and saltwater.
Scharping et al. (2018) explained the mechanism of the salinity increase of Sulphur
Springs even during the wet season. The frequency and duration of deep-source saline water in
the fractures intersecting Sulphur Springs Cave would increase due to long-term reduction in the
pool head because of pumping activity. The vertically infiltrating saline groundwater is likely to
leak through the fractures and laterally migrate into the shallow Suwannee Limestone below
Sulphur Springs Cave (Scharping et al., 2018). Somewhat constant saltwater contributions might
be due to pumping comes from surface water at the sinkhole. A pumping station is located in the
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southern part of the sink area to control flooding. When the water level in the sinkhole is high,
water is pumped from the flooded sinkhole to a basin east of the sinkhole and then discharged
into the Hillsborough River (Stewart and Mills, 1984). Thus, pumping from surface water, not
from the Floridan Aquifer may have caused constant contribution from saltwater to the spring
discharge.
The results of the mixing model indicate that between 4.04-32.16% of the spring water is
derived from precipitation. The highest proportions were calculated between June 24 and July 16
during the study period. The total amount of rainfall falling on the study area was almost 406
mm during that time interval. The small contributions of precipitation to the spring discharge
were calculated at the end of the wet season, especially in the second half of August as the
amount of rainfall decreased. In summary, the subsurface water contributions were greater than
the contributions of precipitation to Sulphur Springs discharge during wet season. A possible
explanation for this result is the size of the Sulphur Springs Cave conduit. The cave is an
extensive phreatic conduit (Scharping et al., 2018). The volume of water stored in the conduit is
greater than the volume of precipitation that intersects with the conduit during the precipitation
event. This relatively small volume of precipitation could not replace the water previously stored
in the conduit. Therefore, diffuse flow end member contributes predominantly to discharged
water at the spring. Another possible explanation might be that the contribution from the vadose
zone was not considered in the three-component mixing model. The pores in the vadose zone
begin to fill with water with the onset of the rainy season. Vertical infiltration may increase when
the pores in the vadose zone are filled up; hence, contributions from precipitation to the spring
discharge may also increase.
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Diffuse groundwater contributed dominantly to spring discharge during the whole study
period (Table 3). The mass balance calculations using δ18O and δ2H as a tracer show that diffuse
groundwater accounted for 62% of the discharge at the spring, while rainwater contributed
16.4% and saltwater comprised 21.6% of the spring water. The result of the three-component
mixing model showing that groundwater to be the dominant component is consistent with the
results of studies in karst aquifers (Lakey and Krothe, 1996; Talarovich and Krothe, 1998; Wang
et al., 2020; Ahmed et al., 2021).
Table 3. Stable isotope data for Sulphur Springs samples.
Three Component Mixing (Dual isotope, δ18O and δ2H)
End Member

Diffuse groundwater

Precipitation

Saltwater

Proportions (%)

62.0

16.4

21.6

40.5-83.4

0-36.3

18.6-24.6

95%
Confidence limits
(%)

The results appear to be well supported by the low variability in the spring isotopic
composition and the trend of the specific conductivity (SpC) of the spring water. As mentioned
before, precipitation isotopic values show significant variation; however, the variation in the
isotopic composition of the spring water is muted. In addition, the specific conductivity data has
a stable trend during the wet season. This trend indicates that specific conductivity is relatively
muted; hence, there is no significant dilution caused from the precipitation (Fig.13). This is in
agreement with the isotopic variation of the spring water. This suggests the spring does not
rapidly respond the precipitation.
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Figure 13. Specific conductivity, discharge, and precipitation values of the spring. Data are from
the USGS Water-Watch web page.
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Chapter 6: Conclusion
Stable isotopic data of waters from Sulphur Springs, precipitation, and a groundwater
well were measured during the wet season to provide insight into the recharge mechanism of the
spring. Precipitation isotope value shows large variations during the study period. However, both
the isotope value of spring water and of groundwater well do not exhibit significant variations.
Low variability in the isotopic signature of spring water suggests precipitation isotopic signal is
muted at the discharges water percolates and travel towards the spring. In Florida, isotopic
homogenization of rainfall in the aquifer along the flow path is also documented by Onac et al.
(2008) and Polk et al. (2012).
Precipitation exhibits low d-excess values that are likely associated with sub-cloud
evaporation. The results indicate no relationship between temperature and the δ 18O values of
precipitation, and no significant relationship exist between the δ 18O values and precipitation
amount. The LMWL slope is 5.6 indicating evaporative fractionation that affects the isotopic
composition of precipitation. A mixing process of the different source water in the aquifer is seen
when spring water δ18O and δ2H values were plotted next to the GMWL and LMWL.
The three-component mass balance calculations were used to calculate the relative
contribution of different water sources to spring discharge in the karst aquifer. The threecomponent mixing model comprised diffuse flow water, precipitation, and saltwater end
members. In the three-component mixing, the fractions of diffuse flow water, precipitation, and
saltwater were 62.0%, 16.4%, and 21.6%, respectively.
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The results of the mixing model indicate that diffuse flow (matrix-stored water) end
member predominantly comprises the discharge of the spring water during the wet season. The
spring contains mixture with varying proportions of saltwater that is the second largest end
member in the spring water. Precipitation end member comprises a small fraction of the
discharge at the spring compared to other end members. Taken together, the fractions of the
spring water suggest that rapid infiltration of rainfall is not observed in the karst aquifer, and the
spring discharge often does not respond rapidly to the input water after a precipitation event
because vertical infiltration takes longer time to enter the phreatic zone. However, nearby
sinkholes that have direct tunnels to the conduit system leading to the spring would introduce
rainwater directly to the conduit system, in turn, lead to an immediate response at the discharge
of the spring. In summary, the findings would appear to indicate that the diffuse groundwater
(matrix-stored) flushed out from the matrix as hydraulic head increases in the aquifer over the
rainy season.
Further work needs to be done to understand the complex hydrological characteristics of
the karstic spring. One limitation of this research is due to the fact that the spring pool is shut
down whenever a rain event occurs. Also, an average precipitation isotope composition was used
instead of individual rainfall event isotope value since water samples could not be collected from
each rainfall event. For this reason, intra-storm sampling was not possible in the spring; in turn,
the isotopic composition of the spring water affected by an individual storm is still unknown.
Thus, there is some uncertainty in the model calculations. Another limitation is that the
precipitation and the weather data were compiled from the weather stations not located at the site
where the rainfall collector was installed. It will be useful to use the weather station data located
in the sampling site. A three-component mixing model was used in this study; however, there
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could be other end members that provide water sources to the system. Lee and Krothe (2001)
established a four-component mixing model that determines the contributions of rain, soil,
epikarstic, and phreatic diffuse flow water in the Orangeville Rise discharge. The findings of the
study revealed that the vadose zone water contribution has an important role in karst aquifers.
For that reason, it would be useful to extend the mixing model using other possible water sources
to the system.
Even though there are limitations, this study has gone some way towards enhancing
understanding of the hydrology of the karst spring utilizing isotopes in water for an understudied
region. To the best of my knowledge, no research has been conducted to distinguish the isotopic
relationship between precipitation and the Sulphur Springs watershed. In this study, the
contributions of different water sources to the Sulphur Springs system during the wet season
were quantified using isotopic values of each component. There is upwelling from deep aquifer
sources and saltwater sources to the system, therefore, deep-source contributions were included
in the mixing model. Determining the contributions from the upwelling deep-water sources will
be valuable to understand better the karst aquifer and saltwater intrusion influences on the spring.
Thus, the research results will be significant to understanding the complex hydrology of the
karstic aquifer and will lead to better water management in the spring.

51

References
Aquilina, L., Ladouche, B., & Dörfliger, N. (2005). Recharge processes in karstic systems
investigated through the correlation of chemical and isotopic composition of rain and
spring-waters. Applied Geochemistry, 20(12), 2189-2206.
Ansari, M. A., Noble, J., Deodhar, A., Mendhekar, G. N., & Jahan, D. (2020). Stable isotopic
(δ18O and δ2H) and geospatial approach for evaluating extreme rainfall events. Global
and Planetary Change, 194, 103299.
Becker, M. W., & Coplen, T. B. (2001). Use of deuterated water as a conservative artificial
groundwater tracer. Hydrogeology Journal, 9(5), 512-516.
Berglund, J. L., Toran, L., & Herman, E. (2018). Using stable isotopes to distinguish sinkhole and
diffuse
storm
infiltration
in
two
adjacent
springs.
Retrieved
from
https://digitalcommons.usf.edu/sinkhole_2018/ProceedingswithProgram/Karst_Hydrogeo
logy/3/.
Bicalho, C. C., Batiot-Guilhe, C., Taupin, J. D., Patris, N., Van Exter, S., & Jourde, H. (2019). A
conceptual model for groundwater circulation using isotopes and geochemical tracers
coupled with hydrodynamics: A case study of the Lez karst system, France. Chemical
Geology, 528, 118442.
Brkić, Ž., Kuhta, M., & Hunjak, T. (2018). Groundwater flow mechanism in the well-developed
karst aquifer system in the western Croatia: Insights from spring discharge and water
isotopes. Catena, 161, 14-26.
Bugna, G. C., Grace, J. M., & Hsieh, Y. P. (2020). Sensitivity of using stable water isotopic tracers
to study the hydrology of isolated wetlands in North Florida. Journal of Hydrology, 580,
124321.
Buttle, J. M. (1994). Isotope hydrograph separations and rapid delivery of pre-event water from
drainage basins. Progress in Physical Geography, 18(1), 16. Retrieved from
https://search.proquest.com/scholarly-journals/isotope-hydrograph-separations-rapiddelivery-pre/docview/1307812098/se-2?accountid=14745.
Clark, I, & Fritz, P. (1997). Environmental Isotopes in Hydrology. Lewis Publishers: New York.
328.
Climate-data. (2021). Tampa climate: average temperature, weather by month, Tampa water
temperature. Retrieved from https://en.climate-data.org/north-america/united-states-ofamerica/florida/tampa-1615/.

52

Coplen, T. B. (1993). Uses of environmental isotopes. In W. Alley (Ed.), Regional groundwater
quality. New York, NY: V. N. Reinhold.
Craig, H. (1961). Standard for reporting concentrations of deuterium and oxygen-18 in natural
water. Science, 133(3467), 1833-1834.
Crandall, C. A., Katz, B. G., & Hirten, J. J. (1999). Hydrochemical evidence for mixing of river
water and groundwater during high-flow conditions, lower Suwannee River basin, Florida,
USA. Hydrogeology Journal, 7(5), 454-467.
Dansgaard, W. (1964). Stable isotopes in precipitation. Tellus, 16(4), 436-468.
DeWalle, D. R., Swistock, B. R., & Sharp, W. E. (1988). Three-component tracer model for
stormflow on a small Appalachian forested catchment. Journal of Hydrology, 104(1–4),
301–310.
Doctor, D. H., Alexander, E. C., Petrič, M., Kogovšek, J., Urbanc, J., Lojen, S., & Stichler, W.
(2006). Quantification of karst aquifer discharge components during storm events through
end-member mixing analysis using natural chemistry and stable isotopes as
tracers. Hydrogeology Journal, 14(7), 1171-1191.
Erdman, J. (2017). Florida's dry season is arriving, bringing a breath of fresh air after a long,
sweltering Summer: The Weather channel - articles from the Weather Channel. (n.d.).
Retrieved from https://weather.com/science/weather-explainers/news/2017-10-20-floridadryseasonarrives#:~:text=Florida%20typically%20dries%20out%20by%20late%20Octob
er%2C%20lasting,showers%20and%20thunderstorms%20seen%20in%20the%20summer
%20months.
Florea, L. J. (2006). The karst of west-central Florida (Order No. 3248275). Available from
ProQuest Dissertations & Theses Global. (305264881). Retrieved from
https://search.proquest.com/dissertations-theses/karst-west-centralflorida/docview/305264881/se-2?accountid=14745.
Florea, L. J., & Vacher, H. L. (2006). Springflow hydrographs: eogenetic vs. telogenetic
karst. Groundwater, 44(3), 352-361.
Florea, L. J. (2008). Geology and Hydrology of Karst in West-Central and North-Central Florida.
Caves and Karst of Florida, 225-239.
Ford, D., & Williams, P. D. (2007). Karst hydrogeology and geomorphology. John Wiley & Sons.
561.
Friedman, I., Machta, L., & Soller, R. (1962). Water vapour exchange between a water droplet and
its environment. Journal of Geophysical Research, 67, 2761-2766.
Fritz, P., Cherry, J.A., Weyer, K.V., & Sklash, M.G. (1976). Runoff analyses using environmental
isotope and major ions. In Interpretation of Environmental Isotope and Hydrochemical
Data in Groundwater Hydrology. I.A.E.A., Vienna, 111-130.
53

Garman, K. M. (2010). The biogeochemistry of submerged coastal karst features in west central
florida (Order No. 3432866). Available from Dissertations & Theses @ University of
South Florida - FCLA; ProQuest Dissertations & Theses A&I; ProQuest Dissertations &
Theses Global; Publicly Available Content Database; SciTech Premium Collection.
(825550869).
Retrieved
from
http://ezproxy.lib.usf.edu/login?url=https://www.proquest.com/dissertationstheses/biogeochemistry-submerged-coastal-karst-features/docview/825550869/se-2
Gat, J. (2010). Isotope hydrology: a study of the water cycle (Vol. 6). World scientific.
Gremillion, P., & Wanielista, M. (2000). Effects of evaporative enrichment on the stable isotope
hydrology of a central Florida (USA) river. Hydrological Processes, 14(8), 1465-1484.
Geyh, M., D'Amore, F., Darling, G., Paces, T., Pang, Z., & Sila, J. (2000). Groundwater: saturated
and unsaturated zone. International Atomic Energy Agency (IAEA).
Gulley, J. D., Benn, D. I., Screaton, E., & Martin, J. (2009). Mechanisms of englacial conduit
formation and their implications for subglacial recharge. Quaternary Science
Reviews, 28(19-20), 1984-1999.
Hu, K., Chen, H., Nie, Y., & Wang, K. (2015). Seasonal recharge and mean residence times of soil
and epikarst water in a small karst catchment of southwest China. Scientific reports, 5(1),
1-12.
Ingraham, N. L., Lyles, B. F., Jacobson, R. L., & Hess, J. W. (1991). Stable isotopic study of
precipitation and spring discharge in southern Nevada. Journal of Hydrology, 125(3-4),
243-258.
Katz, B.G., Coplen, T.B., Bullen, T.D., & Davis, J.H. (1997). Use of chemical and isotopic tracers
to characterize the interactions between ground water and surface water in mantled
karst. Groundwater, 35(6), 1014-1028.
Katz, B. G., Sepúlveda, A. A., & Verdi, R. J. (2009). Estimating nitrogen loading to ground water
and assessing vulnerability to nitrate contamination in a large karstic springs basin, Florida
1. JAWRA Journal of the American Water Resources Association, 45(3), 607-627.
Kendall, C., & Coplen, T.B. (2001). Distribution of oxygen-18 and deuterium in river waters
across the United States. Hydrological Processes 15(7), 1363-1393.
Lakey, B., & Krothe, N. C. (1996). Stable isotopic variation of storm discharge from a perennial
karst spring, Indiana. Water Resources Research, 32(3), 721-731.
Lee, E. S. (1999). Hydrogeological investigation in a karst terrain in south central indiana,
U.S.A.: Delineating the flow systems and mixing problems using major ions and stable
isotopes of hydrogen (deltaD), oxygen (delta(18)O), carbon (delta(13)C(DIC)), and sulfate
(delta(34)S(sulfate)) as tracers (Order No. 9962712). Available from ProQuest
Dissertations & Theses A&I; ProQuest Dissertations & Theses Global. (304504040).

54

Retrieved
from
https://search.proquest.com/dissertations-theses/hydrogeologicalinvestigation-karst-terrain-south/docview/304504040/se-2?accountid=14745
Lee, E. S., & Krothe, N. C. (2001). A four-component mixing model for water in a karst terrain in
south-central Indiana, USA. Using solute concentration and stable isotopes as
tracers. Chemical Geology, 179(1-4), 129-143.
Maloszewski, P., Stichler, W., Zuber, A., & Rank, D. (2002). Identifying the flow systems in a
karstic-fissured-porous aquifer, the Schneealpe, Austria, by modelling of environmental
18O and 3H isotopes. Journal of Hydrology, 256(1-2), 48-59.
Martin, J. B., & Dean, R. W. (2001). Exchange of water between conduits and matrix in the
Floridan aquifer. Chemical Geology, 179(1-4), 145-165.
McDonnell, J. J., Bonell, M., Stewart, M. K., & Pearce, A. J. (1990). Deuterium variations in storm
rainfall: Implications for stream hydrograph separation. Water resources research, 26(3),
455-458.
Meinzer, O.E. (1927). Large springs in the United States (USGS Water-Supply Paper 557). US
Government Printing Office.
Moore, P. J., Martin, J. B., & Screaton, E. J. (2009). Geochemical and statistical evidence of
recharge, mixing, and controls on spring discharge in an eogenetic karst aquifer. Journal
of Hydrology, 376(3-4), 443-455.
Odezulu, C. I. (2011). Stable hydrogen and oxygen isotopic variations in natural waters in north
Florida: Implications for hydrological and paleoclimatic studies. Master’s thesis. Florida
State University Department of Earth, Ocean and Atmospheric Sciences, Tallahassee, FL.
Onac, B. P., Pace-Graczyk, K., & Atudirej, V. (2008). Stable isotopic study of precipitation and
cave drip water in Florida (USA): implications for speleothem-based paleoclimate studies.
Isotopes in Environmental Health Studies, 44(2), 149-161.
US Environmental Protection Agency. (2021). Stable isotope mixing models for estimating
source proportions. Retrieved from https://www.epa.gov/eco-research/stable-isotopemixing-models-estimating-source-proportions
Penna, D., & van Meerveld, H. J. (2019). Spatial variability in the isotopic composition of water
in small catchments and its effect on hydrograph separation. Wiley Interdisciplinary
Reviews: Water, 6(5), 1367.
Perrin, J., Jeannin, P. Y., & Zwahlen, F. (2003). Epikarst storage in a karst aquifer: a conceptual
model based on isotopic data, Milandre test site, Switzerland. Journal of hydrology, 279(14), 106-124.
Phillips, D. L., & Gregg, J. W. (2001). Uncertainty in source partitioning using stable
isotopes. Oecologia, 127(2), 171-179.

55

Pinder, G. F., & Jones, J. F. (1969). Determination of the groundwater component of peak
discharge from the chemistry of total runoff water. Water Resources Research, 5(2), 438–
455.
Polk, J. S., Persoiu, A., & Pace-Graczyk, K. J. (2007). Underground Florida: A fieldtrip guidebook
of the West Central Florida karst. Environmental Sustainability Publications. 830.
Retrieved from http://scholarcommons.usf.edu/tles_publications/830.
Polk, J. S. (2009). Proxy records of climate change in subtropical and tropical karst environments.
Graduate
Theses
and
Dissertations.
Retrieved
from
http://scholarcommons.usf.edu/etd/2149.
Polk, J. S., van Beynen, P., & Wynn, J. (2012). An isotopic calibration study of precipitation, cave
dripwater, and climate in west‐central Florida. Hydrological Processes, 26(5), 652-662.
Polk, J. S., van Beynen, P., Asmerom, Y., & Polyak, V. J. (2013). Reconstructing past climates
using carbon isotopes from fulvic acids in cave sediments. Chemical Geology, 360, 1-9.
Price, R. M., Swart, P. K., & Willoughby, H. E. (2008). Seasonal and spatial variation in the stable
isotopic composition (δ18O and δD) of precipitation in south Florida. Journal of
Hydrology, 358(3-4), 193-205.
Raveh-Rubin, S. & Catto, J.L. (2019). Climatology and dynamics of the link between dry
intrusions and cold fronts during winter, Part II: Front-centred perspective. Climate
Dynamics, 53(3), 1893–1909.
Rau, E. L. (2016). Use of stable isotopes deuterium and oxygen-18 as natural hydrologic tracers
in a Florida springshed (Order No. 10120571). Available from ProQuest Dissertations &
Theses Global. (1806822076). Retrieved from https://search.proquest.com/dissertationstheses/use-stable-isotopes-deuterium-oxygen-18-as/docview/1806822076/se2?accountid=14745.
Rozanski, K., Araguas-Araguas, L. & Gonfiantini, R. (1993). Isotopic patterns in modern global
precipitation. In: Climate Change in Continental Isotopic Records. P.K. Swart, K.C.
Lohmann, J. McKenzie, and S.Savin, (eds). Geophysical Monograph 78, American
Geophysical Union, 1-36.
Ryder, P. D. (1985). Hydrology of the Floridan aquifer system in west-central Florida. US
Government Printing Office.
Qin, D., Zhao, Z., Guo, Y., Liu, W., Haji, M., Wang, X., ... & Yang, Y. (2017). Using
hydrochemical, stable isotope, and river water recharge data to identify groundwater flow
paths in a deeply buried karst system. Hydrological Processes, 31(24), 4297-4314.
Sacks, L. A. (2002). Estimating ground-water inflow to lakes in central Florida using the isotope
mass-balance approach (No. 2002-4192).

56

Scharping, R. J., Garman, K. M., Henry, R. P., Eswara, P. J., & Garey, J. R. (2018). The fate of
urban springs: Pumping-induced seawater intrusion in a phreatic cave. Journal of
Hydrology, 564, 230-245.
Schreuder Consulting, Inc. (2001). Hydrogeological investigation of the Blue Sink Complex,
Tampa, Florida – Phase 2, June 2001.
Scott, T. M., Means, G. H., Meegan, R. P., Means, R. C., Upchurch, S., Copeland, R. E., ... &
Willet, A. (2004). Springs of Florida. Florida Department of Environmental Resources.
Sepúlveda, N. (2002). Simulation of ground-water flow in the intermediate and Floridan aquifer
systems in peninsular Florida. US Department of the Interior, US Geological Survey, 130.
Sharp, Z. (2007). Principles of Stable Isotope Geochemistry. Pearson Prentice Hall: Upper Saddle
River, NJ, 344.
Sharp,

Z. (2017). Principles of Stable
https://doi.org/10.25844/h9q1-0p82

Isotope

Geochemistry,

2nd

Edition.

Sklash, M. G., & Farvolden, R. N. (1979). The role of groundwater in storm runoff. Journal of
Hydrology, 43, 45–65.
Stewart, M., & Taylor, C. (1981). Environmental isotopes in New Zealand hydrology. 1.
Introduction: The role of oxygen‐18. New Zealand journal of science, 24, 295-311.
Stewart, J., & Mills, L. (1984). Hydrogeology of the SS area. USGS Water Resource Investigations
Report 83-4085, Tampa, FL.
Swancar, A., & Hutchinson, C. B. (1995). Chemical and isotopic composition and potential for
contamination of water in the Upper Floridan aquifer, West-Central Florida, 1986–89
(USGS Water-Supply Paper 2409). Washington DC: US Government Printing Office.
The Florida Springs Task Force. (2000). Florida's Springs: Strategies for protection and
restoration. Tallahassee.
Tweed, S., Munksgaard, N., Marc, V., Rockett, N., Bass, A., Forsythe, A. J., ... & Leblanc, M.
(2016). Continuous monitoring of stream δ18O and δ2H and stormflow hydrograph
separation using laser spectrometry in an agricultural catchment. Hydrological
Processes, 30(4), 648-660.
Upchurch, S., Scott, T. M., Alfieri, M. C., Fratesi, B., & Dobecki, T. L. (2019). The Karst Systems
of Florida: Understanding Karst in a Geologically Young Terrain. Springer International
Publishing, 450.
Vacher, H.L., & Mylroie, J.L., 2002. Eogenetic karst from the perspective of an equivalent porous
medium. Carbonates Evaporites 17, 182–196.

57

van Beynen. P.E., Soto, L., & Pace-Graczyk, K. (2007). Paleoclimate reconstruction derived from
speleothem strontium and δ13C in Central Florida. Quaternary International. 187(1)76-83.
Wallace, R. E. (1993). Dye trace and bacteriological testing of sinkholes: Sulphur Springs, Tampa,
Florida. Environmental Geology, 22(4), 362-366.
Wang, F., Chen, H., Lian, J., Fu, Z., & Nie, Y. (2020). Seasonal recharge of spring and stream
waters in a karst catchment revealed by isotopic and hydrochemical analyses. Journal of
Hydrology, 591, 125595.
Williams, P. W. (2008). The role of the epikarst in karst and cave hydrogeology: a
review. International Journal of Speleology, 37(1), 1.
Yurtsever, Y. & Gat, J.R. (1981). Atmospheric waters. in: Stable Isotope Hydrology: Deuterium
and Oxygen-18 in the Water Cycle. edited by J.R. Gat adn R. Gonfiantini, Technical Report
Series, No. 210, pp. 103-142, International Atomic Energy Agency, Vienna.
Zneimer, S. (2019). Stable isotopic composition of southern Illinois precipitation from (2012–
2017) summary (Order No. 13901662). Available from ProQuest Dissertations & Theses
A&I; ProQuest Dissertations & Theses Global. (2305556605). Retrieved from
https://search.proquest.com/dissertations-theses/stable-isotopic-composition-southernillinois/docview/2305556605/se-2?accountid=14745.

58

Appendix A: Stable Isotope Data of Water Samples
Table A. 1. Stable isotope data of water samples.

Sulphur Springs
Sample
Date

Precipitation

Groundwater Well

δ18O
(‰)

δ2H
(‰)

δ18O
(‰)

δ2H
(‰)

δ18O
(‰)

δ2H
(‰)

06/04/21

-2.42

-12.2

-

-

-

-

06/15/21

-2.29

-11.1

-2.53

-30.2

-

-

06/16/21

-

-

-6.63

-24.8

-

-

06/18/21

-2.47

-12.6

-4.24

-43.4

-

-

06/22/21

-2.45

-11.5

-4.47

-30.3

-

-

06/24/21

-2.28

-11.3

-2.27

-28.6

-

-

06/29/21

-2.71

-14.6

-7.00

-42.8

-

-

07/02/21

-2.79

-14.4

-4.03

-21.3

-

-

07/09/21

-2.80

-14.2

-4.23

-45.6

-

-

07/13/21

-2.67

-13.0

-5.70

-17.4

-

-

07/16/21

-2.37

-12.4

-4.46

-27.0

-

-

07/20/21

-2.72

-12.8

0.97

17.8

-

-

07/23/21

-2.80

-14.0

-

-

-3.80

-18.9

07/27/21

-

-

-2.34

-20.5

-3.73

-18.2

07/30/21

-2.71

-13.4

-2.74

-10.2

-3.84

-19.0

08/03/21

-2.82

-13.6

-1.13

5.4

-3.80

-18.9

08/06/21

-2.77

-13.3

-4.64

-19.3

-3.71

-17.9
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Table A.1 (Continued)
08/07/21

-

-

-3.91

-27.6

-

-

08/10/21

-2.75

-13.2

-2.74

-28.9

-3.75

-18.1

08/13/21

-2.71

-12.5

-

-

-3.80

-18.3

08/17/21

-2.80

-13.0

-2.32

-1.6

-3.71

-17.8

08/20/21

-2.85

-14.1

-2.00

-25.6

-3.69

-17.9

08/24/21

-2.73

-12.7

-2.19

-24.8

-3.58

-17.7

08/27/21

-2.58

-12.3

-3.81

-22.5

-3.69

-17.6
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Appendix B: The Three-component mixing model results
Table B. 1. Fractions of the diffuse groundwater flow, precipitation, and saltwater end members
in the three-component mixing model using δ18O and δ2H as tracers.
Sampling
Date

fdgw
(%)

95%
Confidence
limits (%)

fp
(%)

95%
Confidence
limits (%)

fsw
(%)

95%
Confidence
limits (%)

06/04/21

51.34

22.06-80.62

22.89

0-50.32

25.77

21.75-29.80

06/15/21

52.93

30.21-75.66

18.41

0-39.37

28.65

25.39-31.91

06/18/21

51.02

21.40-80.63

24.31

0-51.65

24.68

20.46-28.90

06/22/21

62.94

41.81-84.07

11.31

0-29.75

25.75

22.23-29.27

06/24/21

49.49

23.64-75.33

21.83

0-45.87

28.68

25.06-32.30

06/29/21

48.46

9.5-87.41

32.16

0-68.50

19.38

13.97-24.79

07/02/21

58.48

30.92-86.03

23.32

0-48.95

18.2

14.33-22.07

07/09/21

61.93

38.35-85.50

19.91

0-41.84

18.17

14.87-21.47

07/13/21

64.78

47.62-81.93

14.11

0-30.03

21.12

18.71-23.53

07/16/21

44.14

9.52-78.75

29.41

0-61.59

26.46

21.60-31.32

07/20/21

71.98

61.72-82.24

7.59

0-17.07

20.43

18.98-21.88

07/23/21

64.44

43.83-85.04

17.26

0-36.40

18.3

15.41-21.19

07/30/21

63.51

44.01-83.02

16.3

0-34.43

20.19

17.45-22.92

08/03/21

71.33

57.76-84.91

10.42

0-22.93

18.24

16.30-20.19

08/06/21

70.4

57.28-83.52

10.33

0-22.48

19.27

17.42-21.12

08/10/21

69.78

54.72-84.83

10.56

0-24.35

19.67

17.48-21.85

08/13/21

74.8

67.65-81.96

4.4

0-11.04

20.8

19.79-21.80

08/17/21

76.98

61.32-92.64

4.04

0-16.96

18.98

16.16-21.80
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Table B.1 (Continued)
08/24/21

74.17

65.48-82.86

5.5

0-13.37

20.33

19.04-21.62

08/27/21

65.11

50.38-79.83

11.82

0-25.47

23.07

20.99-25.25
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Appendix C: Copyright Permission
The permission below is for the use of Figure 2 in Chapter 3.
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